[1] Past stratospheric ozone depletion has acted to cool the Earth's surface. As the result of the phase-out of anthropogenic halogenated compounds emissions, stratospheric ozone is projected to recover and its radiative forcing (RF-O 3~À 0.05 W/m 2 presently) might therefore be expected to decay in line with ozone recovery itself. Using results from chemistry-climate models, we find that, although model projections using a standard greenhouse gas scenario broadly agree on the future evolution of global ozone, they strongly disagree on RF-O 3 because of a large model spread in ozone changes in a narrow (several km thick) layer, in the northern lowermost stratosphere. Clearly, future changes in global stratospheric ozone cannot be considered an indicator of its overall RF. The multi-model mean RF-O 3 estimate for 2100 is +0.06 W/m 2 but with a range such that it could remain negative throughout this century or change sign and reach up to~0.25 W/m 2 .
Introduction
[2] Over the last 50 years, the atmospheric levels of chlorine and bromine species have been greatly enhanced by the anthropogenic release of compounds such as chlorofluorocarbons (CFCs) and halons. As a result, stratospheric ozone has decreased globally over the past few decades due to halogen-catalyzed chemical destruction. Following the Montreal Protocol and its amendments, the majority of CFC and halon emissions have been phased out and the atmospheric loading of these compounds is now decreasing from a peak at the end of the 20th century. Therefore, stratospheric ozone is projected to recover from the effects of anthropogenic chlorine and bromine-catalyzed destruction by the middle or end of the 21st century [Eyring et al., 2010] .
[3] Ozone is a radiatively important gas as it absorbs both short wavelength solar ultraviolet (UV) as well as thermal infrared (IR) radiation. Past stratospheric ozone depletion is estimated to have acted to cool the surface, i.e., it has a negative radiative forcing (RF). The latest estimates for RF of the stratospheric ozone depletion range between À0.03 and À0.11 W/m 2 with a mean value of about À0.05 W/m 2 [Forster et al., 2007; WMO, 2011; Cionni et al., 2011; Hassler et al., 2012] , which has offset some of the warming from increased greenhouse gas (GHG) levels over the last few decades. Therefore, the future recovery of stratospheric ozone might naturally be expected to generate an RF of the opposite sign (i.e., positive) to the actual negative forcing.
In this paper, we use predictions of the recovery of the ozone layer from a collection of state-of-the-art chemistry-climate models (CCMs) to investigate the radiative impact of stratospheric ozone recovery.
Model Runs
[4] We investigate the RF of a future stratospheric ozone recovery using ozone projections that were made by a range of CCMs (CCSRNIES, CMAM, GEOSCCM, LMDz-REPRO, MRI, SOCOL, ULAQ, UMSLIMCAT, and WACCM) within the framework of the SPARC (Stratospheric Processes and their Role in Climate) CCMVal-2 (ChemistryClimate Model Validation phase 2) program [SPARC CCMVal, 2010] . Regarding the past, these nine CCMs are generally able to reproduce most of the structures of the ozone trends observed in the last three decades. For ozone projections, the evolution of GHGs in CCMs is forced according to the SRES A1B scenario which is close to the medium Representative Concentration Pathways (RCP) 6.0 scenario [Morgensten et al., 2010] , whereas the evolution of ozonedepleting substances (ODS) is forced according to the scenario A1 which is slightly modified to account for an earlier phaseout of hydrochlorofluorocarbons. Since ODS emissions are successfully controlled by the Montreal Protocol, the future evolution of ODS levels is much more certain than the evolution of GHG levels. The spread in CCM ozone projections originates from differences in present-day ozone calculations and in future model ozone trends [SPARC CCMVal,2 0 1 0 ; WMO, 2011] . Since the present-day ozone climatology is well known, the only actual uncertainty for future ozone is the ozone trend during the 21st century. In order to consider only the uncertainty in the ozone trend in the analysis, and not model biases in present-day ozone climatologies, 2100 ozone projections from individual models were reconstructed from a 2000 reference ozone climatology, taken as the 2000 multi-model mean (MMM) climatology, and from the global distribution of the 2000-2100 ozone trend from individual models. Before reconstruction, individual model projections are zonally averaged and smoothed with an 11-year running mean. As expected, the range of reconstructed ozone projections considered here is smaller than the actual range of CCMVal ozone projections [SPARC CCMVal,2 0 1 0 ] .T h e multi-model mean ozone projection (called MMMO 3 hereafter) represents simply the mean of individual model ozone projections and also corresponds to the ozone projection reconstructed from the zonal mean distribution of the MMM local ozone trend. The effect of ozone projection uncertainties on RF is evaluated by considering the ensemble of RFs calculated for individual model ozone projections. To identify the regions driving RF, we also consider the case of the MMM ozone projection (MMMO 3 ) with lower stratospheric (LS) ozone remaining unchanged below 20 hPa during the 21st century (called MMMO 3 -US) and another case where middle and upper stratospheric (US) ozone remain unchanged above 20 hPa (called MMMO 3 -LS).
Results

Ozone Changes
[5] Figure 1a shows the predicted evolution of global mean column O 3 from 1960 through 2100 under the standard A1B scenario for the MMMO 3 projection and for the range of individual model ozone projections. Individual model ozone projections were zonally averaged and smoothed with an 11-year running mean. Atmospheric measurements and model simulations constrained by emission inventories indicate that the increase in anthropogenic ODS (mostly CFCs) emissions was very marginal before 1960 [WMO, 2011] . Therefore, trends in stratospheric ozone are expected to be negligible before the 1960s compared to post1960s changes. For the standard GHG A1B scenario, all the models predict a recovery of global stratospheric ozone during the 21st century. However, there are still significant differences in the timing and extent of ozone recovery between models. Global mean stratospheric ozone changes between 2000 and 2100 vary from 4.8 to 9.2% with an MMM of 6.98 AE 1.73%, giving an inter-model range of 4.4% (~12 DU) (see Figure 1a and Table 1 ). Figure 1a also shows an example of projected evolutions from a CCM (LMDz-REPRO) under a variety of RCP GHG scenarios [Szopa et al., 2012] illustrating the effect of uncertainties in future GHGs emissions on ozone projections. The rate and extent of ozone recovery, as stratospheric chlorine and bromine loadings decrease towards their natural levels, is modified by the degree of GHG-induced climate change. Larger GHG loadings (higher RCPs) cause larger recovery due to stronger stratospheric cooling [Eyring et al., 2010] . For LMDz-REPRO projections, global mean stratospheric ozone changes between 2000 and the end of the century vary from about 5.8 to 8.6%, giving a single model range from GHG scenario uncertainties of 2.8% (~8 DU), which is approximately a factor 2 higher than the spread (~4 DU) calculated by the CAM3.5 CCM for the same RCP scenarios [Eyring et al., 2010] . These single model ranges from CCMs (LMDz-REPRO, CAM3.5) run under different possible GHG scenarios are smaller than the inter-model range (~12 DU) found for an ensemble CCMs run under the same single GHG scenario, suggesting that, in contrast to most important climate forcing agents, the dominant source of uncertainties in ozone projections is actually not future emissions but model uncertainties.
[6] More importantly with respect to RF, the recovery of stratospheric ozone is not at all spatially uniform. Figure 1b shows the column O 3 change between 2000 and 2100 as a function of latitude for individual model projections and the MMMO 3 projection. Column O 3 changes are weighted by cos(latitude) in order to identify directly changes that are the most relevant for global O 3 . Column O 3 increases at all latitudes except in the tropics for three models. The most significant changes for global O 3 peak around 50-60 in both hemispheres. It is also where the model spread is the largest. The changes in tropical column ozone are much more modest in all the models. Figure 2a shows the annual zonal mean distribution of ozone changes between 2000 and 2100 in the MMMO 3 projection. Throughout most of the stratosphere, ozone increases over this period by up to 40%. The strongest ozone increases occur in the US and in the extra-tropical lowermost stratosphere (LMS) and tropopause region. Ozone decreases in the tropical LS reach up to 10%. This is due to a stronger upwelling related to the strengthening of the Brewer-Dobson circulation in the 2100 atmosphere [WMO, 2011] . Although the models agree on the qualitative aspects of ozone recovery (i.e., general increase throughout most of the stratosphere except in the tropical LS), there are substantial quantitative differences between models in terms of magnitude and spatial extent of those features. Figure 2b shows the global distribution of the standard deviation (s)of the MMM ozone trend. The most pronounced differences between models are found in the LMS and tropopause region with s exceeding 10% at almost all latitudes. In contrast, there is a reasonably good agreement among models throughout most of the stratosphere (i.e., the upper part of the LS, the middle, and upper stratosphere) with s ranging from 1 to 5%.
[7] In order to picture how exactly the uncertainties in ozone trend translate into a spread in ozone change distribution, we plot in Figures 2c and 2d ozone changes for two projections that are reconstructed from the MMM local ozone trends reduced or increased by 1s (i.e., 1 standard deviation of the MMM local trend). The difference between the two projections, called hereafter MMMO 3 À s and MMMO 3 + s, can be viewed as indicative of the model range in ozone changes in the extratropics but not in the tropics because ozone changes in US and in LS are partly anti-correlated there. Indeed, as ozone recovers in the tropical US, less ultraviolet (UV) radiation reaches the LS, resulting in a slower chemical ozone production and hence reduced levels of ozone in LS. Therefore, the stronger the US ozone recovery in a model, the weaker the tropical LS ozone depletion. This well-known compensating mechanism, the so-called the "self-healing" effect (Rosenfield and Schoeberl, 2005; Portmann and Solomon, 2007) , is not significant in the extratropics where UV radiation levels are lower all year and a The calculation of the stratospheric ozone column is based on a tropopause defined as the 100 ppbv O 3 contour [Prather et al., 2011] . The MMMO 3 projection corresponds to the multi-model mean (MMM) ozone projection (i.e., mean of individual model ozone projections) and its RF is calculated from this mean ozone projection. The MMM projection listed in this table corresponds to the same mean ozone projection but its RF is calculated as the MMM RF (i.e., mean of individual model RFs that are calculated from individual model ozone projections). The standard deviations on the MMM ozone projection and MMM RF are indicated. The ranges of global ozone change and RF for individual model projections are also given. The MMMO 3 -US projection corresponds to the MMMO 3 ozone projection but with LS ozone remaining unchanged below 20 hPa during the 21st century. The MMMO 3 -LS projection corresponds to MMMO 3 but with middle and US ozone remaining unchanged above 20 hPa. Figure 2a indicates the 20 hPa level that represents the upper limit above which ozone remains unchanged in MMMO 3 -LS and the lower limit below which ozone remains unchanged in MMMO 3 -US. The white dotted lines in Figures 2a and 2b indicate the tropopause defined as the 100 ppbv O 3 contour [Prather et al., 2011] .
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where the ozone budget is not dominated by upward transport and chemical production as in the tropics but by large-scale downward transport and chemical destruction. The largest difference between MMMO 3 À s and MMMO 3 + s projections is the sharp ozone enhancements in the extra-tropical LMS that are strongly attenuated in MMMO 3 À s compared to MMMO 3 + s; for instance, the layer of ozone enhancement located between 100 and 200 hPa and extending poleward from 20 N is barely visible in the MMMO 3 À s projection, and the extent of the LMS ozone increase at southern mid and high latitudes is also much smaller. In addition, the tropical LS ozone decline is vastly reduced below 50 hPa in MMMO 3 À s compared to MMMO 3 + s.
Radiative Forcing
[8] To estimate the stratospherically adjusted (using the fixed dynamic heating approximation) RF caused by the change in ozone from 2000 to 2100, we use the off-line version of the Edwards and Slingo [1996] radiation model. A climatology based on International Satellite Cloud Climatology Project clouds and European Center for MediumRange Weather Forecasts reanalysis data for water vapor, temperature, and trace gas data was employed [for details, see Rap et al., 2010] . Figure 3 shows the latitudinal variation of the MMM annual mean radiative forcing at the tropopause (expressed as RF Â cos(lat)) derived from the ensemble of RFs calculated for individual model ozone projections; the standard deviation corresponds to the limits of the gray shading. The latitudinal variation of RF for the MMMO 3 , MMMO 3 -LS and MMMO 3 -US projections are also plotted in Figure 3 . Table 1 provides the globally averaged values of RF for the different ozone projections. The MMM globally averaged RF (i.e. mean of the global RFs of individual model ozone projections) is +0.11 AE 0.08 W/m 2 . This value can be combined with the global RF of past stratospheric ozone depletion (about À0.05 W/m 2 ) to derive a best estimate of about +0.06 W/m 2 for the 2100 RF with respect to the pre-ozone depletion period (before the 1970s).
[9] As the latitudinal variation of RF and its global mean (+0.13 W/m 2 ) for the MMMO 3 projection are very close to the latitudinal variation and global mean of the MMM RF (see Figure 3) , we simply diagnose the different components of the radiative perturbations in the MMMO 3 projection. The overall 2100 RF with respect to 2000 is dominated by the strongly positive RF at mid and high latitudes in both hemispheres (thick black line in Figure 3) . According to the sensitivity simulations (red and blue lines in Figure 3) , this positive RF in the extratropics is mostly due to the extensive ozone increases in the lower stratosphere below 20 hPa, which leads to a strong longwave (LW) warming. RF is slightly negative in the tropics where the negative shortwave (SW) RF caused by the US ozone increase, combined with the negative LW RF caused by the LS ozone decrease, outweighs the positive LW RF caused by the US ozone increase and the positive SW RF caused by the LS ozone decrease.
[10] While models agree relatively well on ozone changes in middle and upper stratosphere, the dispersion in ozone projections is considerable in the LMS and tropopause region resulting in large inter-model differences in the latitudinal variation of RF and in global RF. ) corresponds to a global ozone change (6.15%) quite close to the MMM global ozone change (~7%). This illustrates how decoupled global ozone change and RF can be in model projections. Clearly, unlike most climate forcing agents (Forster et al., 2007) , the changes in global stratospheric ozone burden should not be considered a reliable indicator of its overall RF in the future.
[11] When considering a + 1s deviation in the MMM latitude-dependent RF (top limit of the gray shading in Figure 3 ), RF is found to be positive at all latitudes, whereas it becomes negative from 40 Sto50 N for a À 1s deviation (bottom limit of the gray shading in Figure 3 ). The spread in RF is most significant at northern mid-latitudes with a peak around 40-50 N (maximum in the width of the gray shading in Figure 3 ) and is caused by ozone enhancements between 100 and 200 hPa from about 20 Nto60 N that vary substantially from one model to another. Ozone enhancements in this region are strong and prominent in some individual model runs (see the MMMO 3 + s ozone projection in Figure2d), whereas they are relatively weak in other individual model runs (see the MMMO 3 -s ozone projection in Figure 2c ). Although smaller, the spread in RF is also substantial at southern mid and high latitudes. In the tropics, although the extent of the LS ozone decrease is severely reduced below 50 hPa in MMMO 3 À s compared to MMMO 3 + s, the spread in RF is relatively modest. This is due to the fact that tropical RF is most sensitive to ozone changes in the altitude range between 10 and 40 hPa [Riese et al., 2012] where the model spread is small (see Figure 2b ). Note that, since RF calculations are performed with only one radiative transfer model, the range of stratospheric ozone RF presented here does not account for another source of model uncertainties, the radiative transfer modeling [Forster et al., 2011] . However, it is unclear that different radiative transfer models applied on the same range of ozone projections would calculate very different spreads in RF, mostly because the differences between radiative models might be expected to be biases rather than random errors.
Conclusions
[12] Although stratospheric ozone and its radiative forcing are thought to have evolved together in the last century, we show here that it is uncertain that the actual negative RF will now decay and disappear in line with the recovery of stratospheric ozone. According to our model-based analysis, the RF over the 2000-2100 horizon could either end up being negligible or exceed +0.25 W/m 2 making it comparable to the present-day tropospheric ozone forcing (~+ 0.35 W/m 2 , [Forster et al., 2007] ). In other words, stratospheric ozone might continue offsetting some of the positive GHG forcing during this century or become a significant contributor to global warming. The range of future stratospheric ozone RF would be even wider if the spectrum of model ozone projections accounted for uncertainties in future GHG emissions [see Figure 1 ; Eyring et al., 2010; Szopa et al., 2012] . It is worth pointing out that the possible change of sign in the climate forcing of stratospheric ozone and the fact that its global burden may not be an indicator of its overall climate forcing in the future are very unusual, if not unique, features among climate forcing agents [Forster et al., 2007] .
[13] The large spread in future RF of stratospheric ozone for a single GHG scenario originates from the wide range of ozone projections in the LMS and tropopause region, particularly at the northern mid latitudes. The ozone budget in this region is complex and several relevant processes such as in situ destruction, exchanges with the tropical and polar regions, and stratosphere/troposphere exchanges are likely not to be well simulated in global chemistry-climate models, partly because of their very coarse resolutions. Stratospheric ozonemodelshavebeendesignedtosimulatetheevolutionof total column ozone in a changing environment and climate [SPARC CCMVal, 2010] , mostly because total column ozone is the key stratospheric parameter regulating the amount of ultraviolet radiation reaching the Earth's surface, the primary concern of the Montreal protocol. As LMS ozone does not represent an important component of the total column, historically, it has not been the focus in stratospheric ozone chemistry-transport and chemistry-climate modeling. If the magnitude, or at least the sign, of future stratospheric ozone climate forcing is to be reliably predicted, the representation of ozone processes in the lowermost stratosphere and tropopause region would need to be greatly improved in chemistry-climate models.
